Background/Aims: The PCK rat model of polycystic kidney disease is characterized by the progressive development of renal medullary cysts. Here, we evaluated the suitability of high resolution ultrasonography (HRU) to assess the kidney and cyst volume in PCK rats, testing three different ultrasound image analysis methods, and correlating them with kidneys weights and histological examinations. Methods: After inducing anesthesia, PCK rats (n=18) were subjected to HRU to visualize the kidneys, to perform numeric and volumetric measurements of the kidney and any cysts observed, and to generate 3-dimensional images of the cysts within the kidney parenchyma. Results: HRU provided superior information in comparison to microscopic analysis of stained kidney sections. HRU-based kidney volumes correlated strongly with kidney weights (R 2 =0.809; P<0.0001). Conclusion: HRU represents a useful diagnostic tool for kidney and cyst volume measurements in PCK rats. Sequential HRU examinations may be useful to study the effect of drugs on cyst growth without the need to euthanize experimental animals.
Introduction
Autosomal recessive polycystic kidney disease (ARPKD) has been estimated to have an incidence of 1:20,000 people and typically presents in utero or during the neonatal period with greatly enlarged, echogenic kidneys [1] . The disease is due to mutations in the gene Pkhd1 which encodes for fibrocystin, a ciliary protein. The major histological manifestation is a fusiform dilatation of the collecting ducts where cysts are attached and do not separate from the parental tubules [2] .
The PCK rat model is a well-known orthologous model of ARPKD that has been widely used to assess the therapeutic effect of drugs which retard cyst development in preclinical studies [3] . PCK rats develop multiple cysts in the renal medulla but not in the cortex. As the cysts grow the renal function deteriorates progressively, reducing the life span of the rats which generally die of renal failure.
A non-invasive imaging technique that is capable of high throughput, is relatively inexpensive and provides sufficient resolution to quantify the variables of interest with high accuracy may reduce the number of experimental animals [4] . High-frequency ultrasound technology recently became more accessible, which enables high-quality imaging of anatomical structures in mice and rats, and provides excellent temporal and spatial resolution [5] .
Here, we explored for the first time if high resolution ultrasonography (HRU) is a suitable method to assess the cyst burden in anesthetized PCK rats. Ultrasonography was used to image PCK rat kidneys to determine total kidney volume (TKV), total cyst volume (TCV) and total cyst number (TCN). We compared 3 different methods for HRU-based TKV assessments, namely an HRU-stereological (HRUs), an HRU-automated (HRUa) and an HRUellipsoid (HRUe) method and correlated the findings with total kidney weight (TKW) and histological examination (HE).
Materials and Methods

Experimental design
All animal experiments were conducted in an ethical and humane fashion, and were approved by the district veterinary office of the Canton Zurich (permit number 175-2012) that is our institutional animal care and use committee (IACUC). PCK rats (an orthologous model of autosomal recessive PKD) were obtained from Charles River Laboratories (Sulzfeld, Germany). Heterozygous Cy/+ Han:SPRD rats (a non-orthologous model of autosomal dominant PKD) and homozygous wild type +/+ rats were obtained from the Rat Resource and Research Center (Columbia, MO, USA). All animals were bred in our animal facility. Only male rats were used since cysts develop more rapidly in male than in female rats. PCK rats were examined at the age of 7 weeks (n=6) and 12 weeks (n=12) by HRU to determine their TKV, TCV and TCN. After HRU examination, the rats were euthanized and both kidneys were excised, decapsulated and weighed. Kidney slices of approximately 2 mm were then fixed in 10% buffered formalin and embedded in paraffin for histological examination. Cy/+ Han:SPRD and wild type +/+ rats were examined at the age of 10 and 12 weeks respectively to compare their renal HRU images with those of the PCK rats.
High Resolution Ultrasonography (HRU)
Animal preparation. Isoflurane (5% induction, then 1.5-2% maintenance) in oxygen (1 L/min) was used to induce and maintain anaesthesia. Physiological variables (heart rate, respiratory rate, rectal temperature) were continuously monitored during the procedure, using a physiological monitoring unit (VisualSonics, Toronto, Canada). As shown in Fig. 1A and 1B, rats were placed in dorsal recumbency and were fixed on a dedicated handling table for rats (VisualSonics) using adhesive tape. The abdomen of the rats was clipped and all hair was removed using hair removal cream (Veet).
Image acquisition HRU images were acquired using the Vevo 2100 high resolution ultrasound system (VisualSonics) equipped with the 18-38 MHz probe (MS400) and 3-dimensional (3-D) image motor. Acoustic coupling was ensured using ultrasound coupling gel. Following image optimisation, kidneys were imaged in a ventro-dorsal plane to acquire sequential transverse 2-dimensional (2-D) and power Doppler images of each kidney, using an automated 3-D motor head and the respiratory gating feature to avoid artefacts associated with respiratory motion. Care was taken to include the cranial and caudal poles of the kidney where possible (maximum scan distance 28 mm). The slice thickness between scanning planes was 0.05 mm with a maximum of 500 frames. The images were captured in digital raw format as 500 frame cineloops. Following imaging, the rats were euthanized with embutramide (T61 ® ) via injection into the liver. All raw data files from HRU were copied to a work station and inspected to confirm complete coverage of both kidneys and image quality.
Image analysis Stereological method. The 2-D transverse sequential cineloops were reconstructed into a rectangular 3-D model, using the VevoLab v1.6.0 software (VisualSonics). Tracing of the outer kidney surface and the outer wall of each cyst was performed manually in the 3-D reconstruction, using the volume measurement tools present in the VevoLab software as per the manufacturer's instructions. The resulting 3-D model was used to determine the stereological TKV (TKVs). Identification and measuring of all cystic structures allowed the determination of the TCV and the TCN. Finally, cystic index (CI) was calculated in percent as TCVs/TKVs*100. anterior-posterior diameter was measured perpendicular to the lateral diameter. The ellipsoid TKV (TKVe) was calculated using the ellipsoid formula (length × lateral diameter × anterior-posterior diameter × π/6).
Histological analysis (HA)
One of the kidneys from each rat was used for the histological analysis and was sliced perpendicularly to the long axis at approximately 2 mm intervals. Slices from the mid-portion of the kidneys were fixed in 10% buffered formalin overnight, and tissues were then embedded in paraffin. Three µm sections were stained with Periodic acid-Schiff (PAS) staining following a routine protocol. The stained sections were subjected to CI analysis, using the HistoQuest image analysis software (TissueGnostics, Vienna, Austria). We calculated the total cystic and total kidney area in six full cross sections of each kidney and averaged the total cystic area (TCA) and total kidney area (TKA) in each PCK rat. The CI was calculated in percent as TCA/TKA*100.
Statistical analysis
Data are expressed as means ± SD. Different age groups were compared with two-tailed Student's t-test for unpaired data by using the GraphPad Prism version 5.0 software (GraphPad, San Diego, CA, USA). Bland-Altman plot and Pearson correlation test were used to show the differences in TKVs vs TKVa, TKVs vs TKVe, TKW vs TKVs and TKW vs TKVa. P values of <0.05 were considered statistically significant.
Results
TKV, TCV and TCN determination by stereological method
We performed HRU on 7-and 12-week old PCK rats ( Fig. 2A and 2B ), 10-week old heterozygous Cy/+ Han:SPRD rats (Fig. 2C ) and 12-week old wild type +/+ rats (Fig. 2D) . The kidney cysts were readily visible in 7-and 12-week old PCK rats. In Cy/+ Han:SPRD rats, the kidneys appeared to be enlarged compared with +/+ wild-type rats. Furthermore, the renal cortex showed an increased echogenicity in Cy/+ compared with +/+. Contrasting with PCK, individual cysts could however not be identified in Cy/+ kidneys, which is in line with the Table 1 . HRU-based stereological analysis of kidney and cyst volume in 7-and 12-week old PCK rat kidneys known histological observations. Thus, the PCK model appeared suitable for determining the TCV and TCN in addition to TKV by HRU, whereas in the Cy/+ only the TKV could be determined.
Thus, we then focused on PCK rats to determine TKV, TVC and TCN in 7-and 12-week old rats by the stereological image analysis method ( Table 1) . As expected, there was a significant increase in TKVs with age from 3322 ± 345 mm 3 at 7 weeks to 4554 ± 653 mm Altogether our findings demonstrate that TKVs, TCVs and TCNs can easily be measured by HRU in the PCK rat model, whereas HRU only allows to determine TKVs in the Cy/+ rat model because the cysts are too small to be detected by HRU.
TKV determination by automated and ellipsoid methods
We then determined the TKV by the automated (TKVa) and the ellipsoid (TKVe) method in 7-and 12-week old PCK rats, as well as in 10-week old Cy/+ Han:SPRD rats, and compared the values to the stereologically determined TKVs. These volumes were then correlated with the TKW which was obtained after euthanizing the animals. The time needed to measure TKVs was 20-30 minutes per animal, compared with 15-20 minutes for TKVa and 10-12 minutes for TKVe. Table 2 shows that the TKV analyzed by these three methods showed similar values, but with highest value for TKVs followed by TKVa and TKVe in 7-weeks old (3322 ˃3141˃2937 mm ) Cy/+ rats. The TKV detected by these three methods (TKVs, TKVa, and TKVe) were also in good agreement with the TKW (Table 2) . 
=0.966, P<0.0001) in PCK rats (n=18).
The corresponding Bland-Altman plots ( Fig. 3B and  3D) show that the TKVs exceeds the TKVa by 5.6 ± 2.1% (95% confidence interval, 1.5% to 9.9%) and the TKVe by 15.0 ± 3.8% (95% confidence interval, 7.6% to 22.4%). In Cy/+ rats (n=5) we also found a strong correlation of TKVs with TKVa (R 2 =0.973, P=0.0019) and TKVe (R 2 =0.999, P<0.0001) (graphs not shown).
TKV correlation with TKW
We then correlated TKVs and TKVa with TKW ( Fig. 4A and 4B 
Comparison of HRU with histological analysis (HA)
Using HA, the cyst burden in the PCK model can be estimated by CI determination which is calculated by dividing TCA with TKA and multiplying by 100. We were interested to determine the correlation of this area-based CI by HA with the volumebased CI which is obtained by HRUs and HRUa by dividing the TCV with TKV, multiplied by 100. The CI was significantly higher by HA in comparison to HRUs-and HRUa-based CI in 7-and 12-week old PCK rats (Table 3) . Fig. 5A and 5B illustrate the histological view in a 7-and a 12-week old PCK rat and demonstrate the cyst growth between 7-and 12-weeks. Fig. 5C shows that the correlation between the area-based CI and the volume-based CI was weak (R 2 =0.026, P=0.5247) (n=18).
3-D reconstruction from HRU
We finally generated 3-D reconstructions of HRU images which were acquired from PCK rat kidneys. Fig. 6A shows the tracings of the outer kidney and cyst wall used for the final reconstruction of the kidney and all cysts. Fig. 6B illustrates the types of 3-D images that can be obtained, revealing excellent spatial resolution of the cysts within the renal parenchyma in PCK rats (see also video clip of 3-D reconstructed kidney with cysts in a 12-week old PCK rat shown at the right QR-Code). 
Discussion
In this study, we tested the utility of HRU in two different rat models of PKD, the PCK and the Han:SPRD rats. HRU allowed to visualize renal cysts and to determine the kidney and cyst volume and the number of cysts in PCK rats, whereas HRU did not allow to visualize the cysts in the Han:SPRD rat model of PKD since the cysts are too small to be visualized with the 18-38 MHz ultrasound probe. Nevertheless, the kidney volumes could be determined by HRU in Han:SPRD rat. Thus, the method could therefore be useful to follow kidney volume changes over time as well as in response to experimental therapies. Among the three different types of HRU-based volumetric measurements (stereological, automated and ellipsoid) the stereological method was the most time consuming. Assuming that TKVs might provide the most precise volume measurements, the TKVa and the TKVe appeared to systematically underestimate the "true" TKV. All three methods correlated well with each other, and also with kidney weights. HRU also allowed accurate quantification of the number of cysts in each kidney, a parameter that cannot be obtained with the 2-D histological analysis that is unable to represent the entire kidney.
The HRU-based cyst volume determinations yielded cystic indices (CI) which did not correlate with the indices obtained by histological analysis. Assuming a more precise estimation of the cyst burden by determining the CI with the volumetric method, we believe that HRU improves precision over the histological method. This may be particularly relevant for experimental research which tests novel drugs to retard PKD disease progression.
PKD research has increased exponentially in the last three decades and has led to the development of several candidate drugs to prevent disease progression (i.e. cyst growth). Recent clinical trials with some of these drugs provided modest but encouraging results. However the management of most patients with ADPKD continues to be restricted to the detection and treatment of renal and extra-renal complications, and timely initiation of renal Table 3 . HRU-based cystic index (CI) determination using stereological (HRUs) and automated (HRUa) method, and comparison with histological analysis (HA)-based CI in 7-and 12-week old PCK rats Fig. 5 . Detection of cysts in male PCK rats by histology using Periodic acid-Schiff (PAS) staining in 7-week old (A) and 12-week old (B) PCK rats. Correlation of areal cystic index (%) obtained from histological analysis (HA) with volumetric cystic index (%) obtained from high resolution ultrasonography (HRU) using stereological method (HRUs) in PCK rats (C) (n=18).
replacement therapy which includes dialysis and transplantation [6] . The PCK rat represents a reliable experimental model of PKD that has been widely used to evaluate the efficacy of pharmacological interventions designed to ameliorate PKD. Thus, several drugs have been tested in PCK rats, including vasopressin V 2 receptor antagonists which were shown to be effective in reducing cyst growth and slowing the decline of kidney function [7] [8] [9] . Other examples include chronic water loading which also ameliorated the renal pathology by an inhibition of vasopressin secretion [10] and the somatostatin agonists octreotide and pasireotide [11, 12] . In all these studies disease progression was monitored by histological analysis and not by ultrasound imaging. HRU offers the advantage over histological analyses to be more accurate and to be used repetitively without the need to euthanize the experimental animals. In previous studies, we examined the effect of dapagliflozin, an inhibitor of the renal sodium-glucose cotransporter 2 (SGLT2), in Han:SPRD [13] and in PCK rats [14] and found quite surprisingly that the drug had opposing effects. In PCK rats we evaluated the utility of HRU and found that HRU was very robust in evaluating the effect of the drug. Based on our results, we therefore recommend HRU in the PCK rat strain to precisely monitor cyst progression and to study the effect of novel drug therapies.
Our study is extending data from another study where it was shown that volume changes in the rat kidney can be measured in vivo with 3-D ultrasound using a position sensor [15, 16] . Furthermore, ultrasonography examination was shown to be useful and reliable for diagnosing PKD in cats with polycystic kidney [17] [18] [19] . It has also been shown that the resistive index which measures the arterial resistance in the peripheral vessels by Duplexultrasound is a valuable diagnostic tool to detect renal diseases in cats [20] . It is only by the HRU method however that intrarenal cysts can be visualized in rats. HRU therefore opens new possibilities for measurements of the volumes of organs in small animals such as rats.
As there is a great need to reduce the number of experimental animals, HRU might contribute to using a lower number of rats when examining cyst progression in PCK rats, since HRU offers sequential visualization of the cystic disease process in these rats over time. Thus, PCK rat kidneys can be examined at various intervals along a given treatment time, allowing dose adaptations and treatment prolongations without the need to sacrifice the experimental animals. In addition, since PCK also suffer liver disease, the HRU technique could also be used for sequential liver volume measurements. Thus, additional information can be gained in a single experimental animal with the advantage of a potentially lower number of rats.
In summary, we have shown that HRU is a very useful tool for measuring kidney and cyst volume in the PCK rat model of ARPKD, facilitating future pharmacological studies and offering the advantage to use a lower number of experimental animals. 
